A measurement of the mass dierence, m d , b e t w een the two p h ysical B 0 d states has been obtained from the analysis of the impact parameter distribution of a lepton emitted at large transverse momentum (p t ) relative to the jet axis and from the analysis of the ight distance distribution of secondary vertices tagged by either a high p t lepton or an identied kaon. In the opposite hemisphere of the event, the charge of the initial quark has been evaluated using a high p t lepton, a charged kaon or the mean jet charge. With 1.7 million hadronic To be submitted to Zeit f. Physik C.
. Time dependent oscillations of B 0 d mesons have also been measured at LEP [2] .
The analysis presented here gives a measurement o f m d based on data taken by DELPHI at LEP1 from 1991 to 1993. The principle of the method is the following: after having divided the charged and neutral particles from Z 0 decay i n to two hemispheres separated by the plane transverse to the sphericity axis, a \production sign" is dened on one side, which is correlated to the sign of the initial quark at the production point; in the other hemisphere the ight distance of the B hadron is evaluated and a \decay sign" is dened, correlated to the B 0 =B 0 nature of the decaying hadron. Three tagging procedures have been used, which give a measurement of the charge of the b or b quark when it decays inside the B hadron:
Direct semileptonic decays of b quarks produce a negative lepton, with a branching fraction close to 10% per each lepton avour. These leptons have usually a larger transverse momentum, relative to the axis of the jet they belong to, than those produced in lighter avour decays.
The dominant decay c hain b ! c ! s generates an excess of K relative t o K + in B hadron decays (apart for B 0 s mesons for which similar numbers of kaons of the two signs are expected). Kaons from B hadron decays can be isolated by requiring that their measured trajectory has a signicant oset relative to the position of the Z 0 decay.
Finally the value of the mean charge of particles produced in a jet is sensitive to the charge of the b quark producing the jet. In section 2 the components of the DELPHI detector which are important for this analysis are described. Section 3 presents the event selection, particle identication and Monte-Carlo simulation. In section 4 a measurement o f m d is obtained from the dilepton event sample alone. In section 5 the analysis is extended to other tagging procedures and conclusions are given in section 6. As the extended analysis includes most of the dilepton sample, only this last measurement has been quoted as the nal result. 2 2 The DELPHI detector
The events used in this analysis were collected at LEP running near the Z 0 peak with the DELPHI detector [3] . The performance of the detector is detailed in [4] . The relevant parts for lepton identication are the muon chambers and the electromagnetic calorimeters. The Vertex Detector is used in combination with the central tracking devices to measure precisely the charged particle trajectories close to the beam interaction point.
The DELPHI reference frame is dened with z along the e beam, x towards the centre of LEP and y upwards. Angular coordinates are , measured from z, the azimuth, , from the x-axis, while R is the distance from the z-axis.
The muon chambers are drift chambers located at the periphery of DELPHI. The barrel part ( 0:63 < cos() < 0:63) is composed of three sets of modules, each o f t w o active l a y ers, and gives z and R coordinates. In the forward part, two l a y ers of two planes give the x and y coordinates in the transverse plane. The precision of these detectors has to be taken into account for muon identication: it has been measured to be 1 c m i n z and 0:2 c m i n R for the barrel part, and 0:4 cm for each of the two coordinates given by the forward part. The number of absorption lengths determines the hadron contamination and is approximative l y 8 a t 9 0 .
Electrons are absorbed in electromagnetic calorimeters; the High density Projection Chamber (HPC) covers the barrel part and provides three dimensional information on electromagnetic showers with 18 radiation lengths thickness. Calorimeters in the endcap regions are not used in this analysis because their acceptance is not matched with the solid angle covered by the vertex detector.
During the relevant period of data taking (1991 to 1993), the Vertex Detector (VD) [5] consisted of three cylinders of silicon strip detectors, at average radii of 6.3, 9 and 11 cm. This detector measured the coordinates of charged particle tracks in the transverse plane with respect to the beam direction with a precision of 8m. The association of this detector to the central tracking system of DELPHI, consisting of the Time Projection Chamber (TPC) and the Inner and Outer Detectors, gave a q 24 2 + (69=p) 2 m ( p in GeV/c units) precision on the impact parameter of charged particles with respect to the primary vertex. The 192 sense wires of the TPC also measure the specic energy loss, or dE/dx, of charged particles, as the 80% truncated mean of the amplitudes of the wire signals, with a minimum requirement of 30 wires. This dE/dx measurement i s a v ailable for 75% of charged particles in hadronic jets, with a precision which has been measured to be 7:5%. It has been used for electron identication.
To identify kaons with momenta between 3 and 15 GeV/c (this range corresponds to a t ypical kaon from a B decay), the gas radiator of the barrel Ring Imaging CHerenkov detector (RICH) is used: below 8.5 GeV/c, i t w orks in the \veto" mode (kaons and protons give no Cherenkov photons and are thus distinguished from pions and leptons, but not from each other); above this threshold, kaons are distinguished from all other charged particles by measuring the radius of the ring of detected Cherenkov photons. A complete description of this detector is given in [6] .
Event Selection
Hadronic decays of the Z 0 were selected by requiring the total energy of the charged particles in each hemisphere to exceed 3 GeV (assuming all charged particles to be pions), the total energy of the charged particles to exceed 15 GeV and at least 5 charged particles 3 with momenta above 0.2 GeV/c. For the dilepton analysis it has been required that detectors for lepton identication were operational. These requirements gave 204000 events in 1991, 589000 in 1992 and 572000 in 1993 with an eciency ranging between 81% and 85%. For the other analysis, the event thrust axis is required to be well within the acceptance of the Vertex Detector and the RICH through the condition 45 < thrust < 135 . This selected 458000 events in 1992, 457000 in 1993 (the RICH information was available in 2/3 of this sample), and 930000 events have been kept in the simulated sample.
Simulated events have been generated using the JETSET parton shower model [7] and including the full detector simulation [8] . Parameters in this simulation have been adjusted from previous studies [9] and those relevant for this analysis have been summarized in Table 1 Table 1 : Relevant parameters used in the simulation.
B hadron semileptonic decays have been simulated using the model of ISGW [11] with a fraction of 30% for D production.
Each selected event is divided into two hemispheres separated by the plane transverse to the sphericity axis. A clustering analysis based on the JETSET algorithm LUCLUS with default parameters is used to dene jets using both charged and neutral particles [7] . These jets are used to compute the p t of each particle of the event, as the transverse momentum of this particle with respect to the axis of the jet it belongs to, after having removed this particle from its jet.
Lepton identication
A minimum momentum of 3 GeV/c is required for muons and electrons. Muon chamber information is associated to the information coming from the central tracking devices of DELPHI to identify muons in the regions 53 < < 127 (barrel part) and 20 < < 42 , 138 < < 160 (forward part) [4] .
The identication of electrons is performed using information coming from the HPC in the region 45 < < 135 , and the ionization measured in the Time Projection Chamber. Electrons from photon conversion are rejected. In the acceptance region of electromagnetic calorimeters and muon chambers, the global identication eciencies for muons and electrons in the selected momentum range and the corresponding probabilities for a hadron to be misidentied as a lepton are given in Table 2 . These values have been obtained using the detailed simulation code of the DELPHI detector, DELSIM [4] , and have been checked on real data using selected events samples such a s K 0 s ! + , Z 0 ! + , converted photons before the HPC, !`+` and hadronic decays [12] . P(`!`)% P(h !`)% muon 86: 0:7 electron 60: 0:4 Table 2 : Mean values of lepton identication probabilities for real leptons and for hadrons, with momenta larger than 3 GeV/c and in the angular regions dened in the text.
Kaon identication
Charged kaons were identied in the RICH using the standard DELPHI algorithm [4] . The eciencies were evaluated from the simulation and veried using pure subsamples from K 0 ; ; decays: the probability f o r a K within the barrel RICH angular acceptance to be identied is 65% for 3 < p < 8 : 5 GeV/c and 80% for 8:5 < p < 15 GeV/c. The probability for a pion to be seen as a kaon is 8%, that for a proton to be seen as a kaon is 68% for 3 < p < 8 : 5 GeV/c and 26% for 8:5 < p < 15 GeV/c.
Measurement o f m d from the dilepton sample
The dilepton sample is considered rst because this is the simplest channel to select and results can be compared with similar analyses performed in other experiments [2] .
Both muons and electrons are selected with a p t larger than 1 GeV/c. If several leptons are found in a given hemisphere, only the one with the highest p t is kept. The p t cut dependence of the nal result will be considered as a possible systematic uncertainty. Each lepton is considered in turn to extract time information and its charge is compared with the charge of the lepton in the opposite hemisphere, to tag the oscillation. The lepton containing time information is required to be associated to at least two hits in dierent layers of the Vertex Detector (VD), while there is no requirement of VD information for the other lepton. As a result, each Z 0 decay containing two leptons in opposite hemispheres may lead to one or two time measurement(s).
In real data, the selected dilepton sample yields 1073 time measurements associated with a same sign correlation, and 2151 associated with an opposite sign correlation. 2055 muons and 1169 electrons are selected on the measurement side, and the tagging side sample contains 2057 muons plus 1167 electrons. The eciency of the VD selection has been found to be 88 1% for muons and 82 1% for electrons.
The composition of the total sample expected from the simulation (all sign combinations mixed together) is given in Table 3 . The main component is from direct b semileptonic decays. The fraction of cascade (b ! c !`) decays is of the order of 10% and the fraction of charm events remains small. The cut at 1 GeV/c on the lepton transverse momentum has been optimized knowing that the signal from oscillations depends on the dierence between the fractions of direct and cascade semileptonic decays, and on the 5 number of selected events. The remaining events contain the following categories, with small associated fractions: semileptonic decays in a b decay c hain, fake leptons in a b decay c hain, charged particles coming from the primary vertex in bb events and light quark events. Table 3 : Composition of the simulated sample on the impact parameter measurement side.
Measurement of the B decay time using the lepton impact parameter
The measurement o f m d is extracted from a study of the impact parameter distribution obtained from same sign and opposite sign dilepton events: a primary vertex is reconstructed in the transverse (R) plane for each e v ent, through an iterative v ertex t including the beam prole information [13, 4] , where at each step the track contributing most to the 2 is removed until none contributes more than 5 2 units. The impact parameter of the lepton is measured with respect to the primary vertex position and has a positive or negative lifetime sign depending on the relative position of the primary vertex and the intersection of the lepton with the jet along the jet direction. t = =c is the time sensitive v ariable which is used in the analysis.
The precision on the impact parameter is dominated by the accuracy on the primary vertex determination (approximatively 50m in the horizontal and 20m in the vertical direction). The correlation between t and the true proper time of the B meson is smeared by the decay kinematics and by the energy distribution of B mesons. The eective proper time resolution (t t true B )=t true B has a width of 70% and a 40% shift towards lower values due to the reconstruction procedure which is performed in the transverse plane only; such a resolution is in fact sucient to study the slow B 0 d oscillation.
The data and simulated samples are composed of events with one t measurement i n a single hemisphere, and of events with t measurements in both hemispheres. The data sample contains 249 same sign and 455 opposite sign events with one measurement, 412 same sign and 848 opposite sign events with two measurements. When m d is set to 0.45 ps 1 in the simulation, the simulated sample contains 752 same sign and 1418 opposite sign events with one measurement, and 1407 same sign and 3032 opposite sign events with two measurements. 6 
Fitting method and results
The t distribution obtained from same sign events has been divided by the t distribution obtained using opposite sign events, and the resulting distribution will be referred to as the R ++=+ (t ) distribution (Figure 1 ). Each t measurement e n ters once in this distribution. In the absence of B 0 d oscillations, the distribution is expected to be at at large t ; the observed time dependence comes from B 0 d oscillations.
The R ++=+ distributions obtained from the data and from the simulation have been compared using a binned 2 t with m d as the only free parameter. For a given m d in the t the simulated data have been adjusted to conform to the probabilities given in the introduction. Events with one and two time measurements have been treated separately in the t. For events with two measurements, the two-dimensional distributions R ++=+ (t 1 ; t 2 ) h a v e been compared. The binning used in this t and in the following has been dened such that each bin or each b o x contains at least 10 events. To satisfy this condition, 3 bins were used for events with a single t measurement (grouping the last 3 bins of Figure 1 together), and a 3 3 grid was used for events with two measurements. and the corresponding 2 value is found to be 7.5 for 11 degrees of freedom. Figure 2 shows the fraction of same sign correlations, F ++ , corresponding to the nal m d measurement. This representation shows the dierent components of the same sign sample, listed in Table 4 . Table  4 for each of these last three categories). 7 
Study of systematic uncertainties
The systematic uncertainty on the above measured value is computed by v arying, in turn, the relevant parameters of the simulation and then re-making the m d t.
Four dominant eects have been studied (see Table 5 at the (4S) [14] . The fraction of b-baryon production, f b baryon = (11:6 3:2%)
has been taken from measurements of c production in c jets [15] , assuming that it is similar for b in b jets and using a rate of (2 2% Finally, s is varied separately, and the corresponding variation on m d is 0.015 ps 1 . It has been checked that the contribution from the uncertainty on the b quark fragmentation distribution is negligible by tting the simulated b fragmentation function with a P eterson function, and changing the parameter so that the mean fraction of the beam energy, taken by the B meson, varies between 0.68 and 0.72.
Performing the t on the sample of events which give only one t measurement leads to: m d = 0 : 46 +0:15 0:12 ps 1 ; and using only events with two t measurements gives: m d = 0 : 47 +0:11 0:10 ps 1 : It has also been checked that the results found using muons or electrons only, a s w ell as 1992 or 1993 data only, w ere compatible within the statistical errors. Because of the limited statistics, these last checks were done using a global one-dimensional t to the R ++=+ (t ) distribution with each t measurement e n tering once. Finally, the p t cut was varied (keeping the same momentum cuts), and no systematic eect was observed (Figure 3) .
Adding in quadrature the contributions to the systematic error given in Table 5 
Measurement of m d using leptons, K and jet charge
In the following, the analysis of section 4 has been extended to include additional nal states using identied charged kaons and the mean jet charge. The B decay distance will also be evaluated in space to enhance the sensitivity of the measurement to oscillations.
Tagging procedures used to dene the samples of mixed and unmixed events candidates are described along with the algorithm used to measure the B hadron decay distance. For each category and each tagging indicator the probabilities P right tag and P wrong tag , t o have a right sign or a wrong sign, have been obtained from simulation. They have been dened as \right" (\wrong") if the \production" sign is the same as (opposite to) the sign of the quark or of the antiquark emitted in the hemisphere, assuming that its avour is always beauty. F or B 0 d mesons these probabilities include the eect of the time-integrated oscillation: they have been computed for dierent v alues of m d and the corresponding values are compatible with a linear interpolation. The B 0 s oscillation frequency is assumed to be high enough to give constant v alues, independent of the decay distance. Table 6 gives the results.
Tagging procedures
The measurements of the signs of three variables have been used, in a combined way, to establish the presence of a b or a b quark in a given hemisphere (\production" sign) and to identify a B or a B meson when it decays (\decay" sign). These variables are: 9 The charge of leptons emitted at p t larger than 1GeV/c. Lepton selection cuts are similar to those applied in section 4. If two particles of opposite sign fulll these conditions, in the same hemisphere, the event is not kept. This \production" sign is dened in 9 % of the b hemispheres and the ratio right sign/wrong sign to correctly identify a b or a b quark is about 5.
The charge of kaons produced at a secondary vertex. This tag is based on the dominant decay c hain b ! c ! s which implies that the sign of a secondary kaon is strongly correlated to the sign of the decaying quark. This has been studied in detail and measured in [16] , and the fractions of decays with a right/wrong sign kaon (excluding ambiguous cases with a K + and a K in the same hemisphere ) are roughly 50% and 10 % respectively. Kaons have been identied by the RICH detector in the range 3 < p < 15 GeV/c. An additional cut is applied to favour a secondary K from a B by requiring that its impact parameter with respect to the main vertex be larger than 1.5 times the measurement error. This production sign is dened in 23 % of cases, i.e. more frequently than the lepton sign, but the ratio right sign/wrong sign, of about 2, is lower. More background is also expected from u; d; s; c avors.
The mean jet charge, which i s a w eighted sum of the charges of particles belonging to the most energetic jet in the hemisphere. It depends on the charge of the quark producing this jet and is dened as:
where, in the denominator, the sum is extended also to neutral particles. p i and q i are the individual particle momenta and charges. The weighting exponent is chosen to be 0:6 to optimize the discrimination [17] (however its precise value is not crucial). The mean value of Q jet is slightly biased by n uclear interactions in the detector: in practice the sign of (Q jet 0:015) gives the right b=b nature in 62 % of the cases. The b purity, which is the fraction of bb events in the selected sample, is improved by applying a b-tagging condition obtained from the values of the impact parameters, , of the n tr: charged particles in the jet, relative to the event main vertex:
The track with the largest contribution has been excluded from the sum to reduce eects of secondary interactions, decays or poor measurements. Uncertainties on track impact parameters, , include track measurement errors and uncertainties on the Z 0 decay point. To optimize the discrimination and to reduce double counting, the \production" sign has been obtained using the following indicators for a hemisphere:
Jet sign and lepton sign (j + l) in agreement: this discriminates better than the lepton sign alone. This indicator is dened in 8% of the b hemispheres.
Jet sign and kaon sign in agreement ( j + K): this indicator is dened in 16% of the b hemispheres.
Jet sign alone with b-tagging condition (j+b tag): this is used when the other criteria are not dened, provided jQ jet 0:015j > 0:1. This condition gives on average 67 % of right sign assignments and is dened for 39% of the b hemispheres. 10 Events with a kaon and a lepton having a sign in agreement with the jet charge enter twice.
The probabilities, per event hemisphere, to measure a production sign have been obtained from the simulation and are given in Table 6 .
To dene the decay signs (see Table 7 discussed below), only leptons and kaons have been used because the mean jet charge is not sensitive enough to the transformation of a B 0 into a B 0 inside a jet. Leptons have been selected in the same way as before but, for kaons, the condition on the impact parameter has been removed, in order not to bias the B meson ight distance distribution. 
Measurement of the B decay distance
As the B 0 d B 0 d oscillation period is expected to be large it is not crucial to have a v ery accurate evaluation of the B decay time. As the b quark fragmentation distribution is peaked at large values, the B decay distance distribution is still sensitive enough and has been used throughout this analysis.
The interaction point has been determined following the approach explained in section 4.1. To e v aluate the B decay point, advantage was taken of the gathering of B decay products around the jet axis by selecting well-measured charged particles with at least 2 points associated in the Vertex Detector and situated within 25 of the thrust axis of the most energetic jet in the hemisphere. A \pseudo-secondary vertex" has been tted using this set of particles which is a mixture of primary and secondary particles, often including further decay products of a D coming from the B itself with probabilities that 11 are independent of the B ight. In order to keep long ight distances no cut has been applied on the 2 probability of this vertex. As a result, the expectation value, , of the distance from the primary vertex to this pseudo-secondary vertex depends linearly on the actual ight a s s h o wn in Figure 4 . The tails in the distributions have been removed partially by a cut on the longitudinal error of the vertex t. This procedure does not bias the decay distance distribution because it does not rely on the actual value of the 2 of the vertex t. Figure 5 compares the normalized distribution for data and simulated events. An additional smearing of the simulated distribution has been performed by adding a random term distributed according to a Breit-Wigner function, with a halfwidth of 140m, so that the two distributions agree for negative v alues of .
Parametrization of the decay distance distributions
The basic assumption is that the probabilities of correctly dening the production sign, the decay sign and the distance estimate are independent for a given avour. As a consequence the two hemispheres can be parametrized separately but the dierent B hadrons have to be distinguished.
Let be the ight distance estimator and P cat () the probability density distribution to observe a given value of in a hemisphere for a given category. F or b categories the distribution P cat () is the convolution of the exponential b-decay time distribution with the b quark fragmentation function and with the resolution function on . As a result, it is dicult to write a reliable analytic expression for P cat . The simplest solution is to take this distribution from the simulation. Small values of are largely contaminated by the u; d; s; c background and contain very little information on the oscillation frequency, because they correspond to times where the sin 2 (m d t=2) factor is small. For larger than 2 mm the P cat () distributions are close to exponentials. Figure 6 shows how the slopes corresponding to dierent B hadrons, simulated with the same lifetime, exhibit slight dierences due to the topological selection because the fractions of primary and secondary particles at the pseudo-secondary vertex are not exactly the same. For u=d; s categories, the shape of P cat () is dominated by the resolution (see Figure 7) , while, for the c category, c harm decays give also a signicant contribution. The P cat () distributions have been parametrized using the exponential of a fourth order polynomial in the range > 2mm. These distributions have been normalized so that R 1 min P cat () = 1 .
As for the quark tagging procedures, at decay time the B meson can be correctly signed or not by the lepton or kaon charges and the corresponding probabilities (P right=wrong dec;cat ) have been evaluated for all values of larger than min .
For charged B mesons or b-baryons the nal probability density distribution to measure a decay distance is then: 0.2 and 0.95 ps 1 (see Figure 8) ; a smoothed interpolation then gives its value at any m d . Finally one can dene, for a given pair of hemispheres in a hadronic event, the probability to nd a like/unlike sign correlation between them as a function of : 
Fitting procedure
An unbinned maximum likelihood method is applied to the set of tagged events where is measured and greater than min and the parameter m d is tted by minimizing the following function using the MINUIT [18] Unless the tagging is done with the jet charge, each hemisphere can be used to measure the decay distance as well. As a consequence, some events occur twice in the tting sample (namely 11% of the whole sample). However, the two e n tries correspond to independent v alues of , so they do not give redundant information. We can exclude a 13 signicant underestimate of the statistical error through the following test: when suppressing completely the double counting (by excluding randomly one of the two e n tries for the same event), the statistical error is increased by about 10%; the eect of double counting is necessarily smaller because this procedure corresponds to a loss of information in the sample.
The same procedure is applied to simulated events to check its consistency.
Results and study of systematic errors
The t has been performed on real data with min = 2mm. in good agreement with the input value. Figure 9 gives the ratio: = N unlike sign N like sign N unlike sign + N like sign for the data as a function of (summing the results from all sign indicators) together with the curve corresponding to the tted value of m d (a), the same without smearing the distribution of (see sect. 4) (b), the curve obtained with a time-independent mixing with a probability d = 0 : 17 (c) and the curve expected if no mixing occurs (d). At small values of the eect of the smearing (dierence between (a) and (b) ) is comparable to the dierence induced by the oscillation itself, so that the t could be dominated by systematic errors. However this eect is small in the range used in the t ( > 2 mm) where the data disagree with the no-mixing and time-independent-mixing hypotheses by 12 and 6 standard deviations respectively.
The likelihood t was redone separately for each of the six combinations of tagging methods and results have been summarized in Figure 10 (after correction for a systematic eect due the multiplicities o f c harged kaons in B decays, as described in the next section). The results are all compatible with the nal combination, particularly if the systematic errors which are specic to kaons or leptons are taken into account. As an example, these contributions are completely uncorrelated in the (l + j versus l) and (K + j versus K) subsamples: they are quadratically added to the statistical errors to give the dashed lines in Figure 10 . 14 
Sources of systematic uncertainty
The relative ratio of like and unlike sign correlations (see Figure 11 ) is expected to be a combination of: an almost balanced like/unlike contribution from uu; dd background an ss contribution slightly favoring unlike signs (because of leading kaons having the sign of the initial quark) a more complex cc contribution where leptons and kaons from a c have opposite signs, resulting in opposite and same sign correlations when considering the sign indicators on both sides; the simulation indicates that they almost cancel each other. a non-oscillating b component, giving a large constant ratio favoring unlike sign pairs the oscillating component.
The probabilities of the light quark components decrease rapidly with whereas the cc probability v aries less rapidly, but the non-b component is small after the cut on at 2 mm.
As the oscillation is seen over less than one period, the tted value of m d is mainly sensitive to the average of the ratio from min to 1, w eighted by the corresponding event rates. Hence it depends on the fraction of background and of the non-oscillating component (the shape of the oscillation is not constraining enough to allow a t with freely varying fractions and lifetimes). 
